All domesticated mammals exhibit marked reductions in overall brain size, however, it is unknown whether the corpus callosum (CC), an integral white matter fiber pathway for interhemispheric cortical communication, is affected by domestication differentially or strictly in coordination with changes in brain size. To answer this question, we used quantitative magnetic resonance imaging to compare the midsagittal cross-sectional areas of the CC in 35 carnivore species, including eight wild canids and 13 domestic dogs. We segmented rostro-caudal regions of interest for the CC and evaluated correlations with brain mass. The results of this study indicate that under the influence of domestication in canids, the CC scales to brain size in an allometric relationship that is similar to that of wild canids and other carnivores, with relatively high correlation coefficients observed for all regions, except the rostrum. These results indicate that architectural and energetic considerations are likely to tightly constrain variation in caudal components of the CC relative to overall brain size, however fibers passing through the rostrum, putatively connecting prefrontal cortex, are less constrained and therefore may contribute more toward species-specific differences in connectivity. Given the species diversity of the Canidae and the resurgence of interest in the brain of the domestic dog, further studies aimed at characterizing the neural architecture in domesticated species is likely to provide new insights into the effects of domestication, or artificial selection, on the brain.
behavior, and changes in the reproductive cycle (Wilkins, Wrangham, & Fitch, 2014) .
Not surprisingly the brains of domesticated species also share certain similarities, most notably all domestic avian and mammalian species show greater variability in brain size and have smaller absolute brain sizes than that of their wild ancestors and contemporary close relatives (see Kruska, 2005 , for a review). Although the effect of domestication on the brain and its subdivisions has been studied in many different species (Ebinger, 1974; Kruska, 1970 Kruska, , 1972 Kruska, , 1973 Kruska, 1975; Kruska, 1980; Kruska & Schott, 1977; Kruska & Stephan, 1973; Plogmann & Kruska, 1990; Schleifenbaum, 1973) , our understanding of the characteristic phenotype of the domesticated brain is not complete. For instance, we know very little about the effect of domestication on cortical and subcortical neural structures or if changes in the arrangement of fiber pathways or cellular architecture might explain the distinctive behavioral phenotype of domesticated species (i.e., decreased aggression, increased gregariousness, and increased play).
We are still far from developing a framework that characterizes the phenotypic response of the brain at different levels of organization under the influence of domestication. Nevertheless, significant advances are being made in comparative behavioral (e.g., Beausoleil, Stafford, & Mellor, 2006; Lampe, Bruaer, Kaminski, & Viranyi, 2017; Naworth & McElligott, 2017; Nawroth, Brett, & McElligott, 2016; Nawroth, Ebersbach, & von Borell, 2013; Nawroth, von Borell, & Langbein, 2016; Werhahn, Virányi, Barrera, Sommese, & Range, 2016) and genomic studies of domesticated animals (e.g., Albert et al., 2012; Henricksen, Johnson, Andersson, Jensen, & Wright, 2016; Leonard et al., 2002; Lindblad-Toh et al., 2005) , outpacing our understanding of how the underlying anatomy of the brain has changed.
The study of domestic species serves as a fertile, natural testing ground to evaluate the neurobiological effect of strong artificial selection for the production of behavioral variants in species to be easily handled and socialized by humans. One group of animals that has received a growing amount of attention in recent years has been the domestic dog (Canis lupus familiaris). Dogs belong to the phylogenetic group Canidae, a family of extant and extinct dog-like mammals comprising some 16 genera and 36 species (Nowak, 2005) . Domestic dogs are thought to have been domesticated as early as 32,000 years ago (Garcia, 2005; Germonpre et al., 2009; Lindblad-Toh et al., 2005; Sablin & Khlopachev, 2002) and have undergone a relative reduction in absolute brain size of~29% in comparison to their wolf progenitors (Röhrs & Ebinger, 1978; Schleifenbaum, 1973) . This evolutionary transition has occurred relatively quickly on a geological timeframe and poses interesting questions concerning the flexibility and the degree of modularity of the canid nervous system. Previous comparative quantitative investigations have revealed that brain structures in the dog have not undergone a uniform change in size as a result of domestication, but, rather are characterized by a mosaic pattern of reduction with certain regions appearing to be more greatly impacted than others (e.g., hippocampus 42% reduction; limbic lobe, olfactory and cerebellum 30% reductions; mesencephalon a 10% reduction) (Kruska, 2005 (Kruska, , 2007 ; Kruska & Stephan, 1973) . Although this similar pattern of mosaic reduction has been observed in at least six other domesticated species (i.e., rat, gerbil, mink, sheep, llama, and pig), it is unknown if this holds true for all domesticated species or if there are particular brain components that are consistently invariant across species. One brain structure that might prove a useful test case for addressing these questions is the corpus callosum (CC), a large white matter pathway that provides inter-hemispheric connectivity between cortical regions (LaMantia & Rakic, 1990; Wakana, Jiang, Nagae-Poetscher, Van Zijl, & Mori, 2004) and is known to play an important role in mediating complex behavior (Hinkley et al., 2012; Hofer & Frahm, 2006) . The CC is unique to the eutherian mammal group (Johnson, Kirsch, Reep, & Switzer III, 1994; .
Most of the fibers passing through the CC originate from the neurons of the isocortex (mainly dorsal isocortex) allowing for rapid transmission of information by reducing the wiring needed to connect these regions (Ashwell, 2016; Butler & Hodos, 2005) . The CC consists of around 200-800 million fibers connecting the two hemispheres, depending on the species (Innocenti, 1986; Hofer & Frahm, 2006) and even though the number of fibers remains fixed at birth, myelination of these fiber pathways continues throughout puberty (Luders, Thompson, & Toga, 2010; Luders. et al., 2014) . Although the CC has no clear internal anatomical landmarks or boundaries, the use of geometric partitioning schemes (Witelson, 1989) has helped to segment the CC into several functionally and morphologically distinct subregions (Chao et al., 2009; Hofer & Frahm, 2006; Hofer, Merboldt, Tammer, & Frahm, 2008; Witelson, 1989) .
In previous studies, the cross-sectional area of the CC has proved a useful proxy measure for overall CC size (Ashwell, 2016; Manger, Hemingway, Haagensen, & Gillisssen, 2010; Olivares, Michalland, & Aboitiz, 2000) as it occupies a large section of the total commissural area (e.g., in the adult human this represents twice the magnitude of the sum of all other commissural structures, Goncalves-Ferreira et al., 2001) . Using traditional regression analysis, interspecific comparisons of the CC's crosssectional area have revealed a strong positive allometric scaling relationship with brain size (Manger et al., 2010) , and have helped identify species which are clear outliers (Gilissen, 2006; Tarpley & Ridgeway, 1994) .
However, none of these earlier studies aimed at comparing CC dimensions across a wide range of mammalian orders have used phylogenetic comparative methods (such as phylogenetic generalized least squares [PGLS] ) to take into account evolutionary relatedness among species in this scaling relationship (see Phillips et al., 2015 for an application to primates). In addition, the widely used segmentation system from Witelson (1989) has only been applied infrequently to the study of the CC in a cross-species comparison (e.g., Olivares, Michalland, & Aboitiz, 2000) and to date no study has explicitly compared scaling relationships in the CCs of wild and domestic species to evaluate if domestication resulted in any concomitant restructuring of this fiber pathway. Thus, the present study is aimed at examining the scaling of the midsagittal cross-sectional dimensions of the CC relative to brain size in the Carnivora, including wild and domestic Canidae.
| MATERIALS AND METHODS

| Specimens
This dataset consists of 131 subject data points, representing 100 eutherian mammalian species (of which there are 20 Carnivora and seven canids). Data were derived from three major sources: (a) primary data obtained through magnetic resonance imaging (MRI) image acquisition from whole brains scans; (b) image analysis of the midsagittal surface of fixed mammalian brains housed in collections at Kent State University (M.A.R), the George Washington University (C.C.S), and Des Moines University (M.A.S); and (c) published data collated from the literature. Two of the wild canids included in this study (Vulpes vulpes and Canis latrans) were wild-caught whereas the remaining four canid species (Canis lupus lupus, Lycaon pictus, Chrysocyon brachyurus, and Vulpes zerda) were raised in captivity. A complete species list and relevant sources used in this study is included in Table 1, Figure 1, and Table 3 . Below, we provide detail on the image acquisition process.
| MRI acquisition
Within 14 hrs of each subject's death, the brain was removed and immersed in 10% formalin at necropsy. MRI of the postmortem brain specimens was performed on 28 carnivora [including 13 domestic dogs; two maned wolves (C. brachyurus), one fennec fox (V. zerda), one red fox (V. vulpes), one European wolf (C. lupus lupus), one coyote for diagnostic purposes and with the owner's consent on radiologically normal adult dogs (see Table 1 ). These remaining scans were obtained using a 1.5 T Siemens machine (Symphony, Erlangen, Germany). The sequence used was T2 weighted with the following parameters: nih.gov/ij/, RRID:SCR-003070) where images were calibrated before using the polygon tool to outline and measure the CC dimensions.
Data on the cross-sectional area of the CC for other eutherian mammals were collated from the literature and included in our analysis (see Table 1 ). 
|
| Limitations, validation, and inter-observer variability
This study is reliant on data generated from a number of different resources (i.e., published reports, 2D digital photographs, and MRI for the carnivores). The varied nature of these data raises the potential for some confounding effects due to variation in imaging protocol or measurement. In our analysis, caution was taken to ensure that all reported values from multiple sources were internally consistent (for each species) before inclusion in the final dataset (no data points were excluded in this analysis). Several recent studies have demonstrated the strong alignment between histological and MRI imaging data in the human and rat brain (e.g., Leergaard et al., 2010; Seehaus et al., 2015) , thus validating our use of multiple imaging sources in the current investigation. Furthermore, primary data generated in the current study was compared between observers to make sure that the levels of inter-and intra-specific repeatability were within an acceptable range. To validate our method of image alignment, resectioning and area measurement, five specimens were randomly selected for comparison and the borders of each area independently delineated by a second observer (M.A.S.) blind to the results of the first (A.U). Interobserver variability was assessed using the concordance correlation Manger et al., 2010 , 3 = Hakeem et al., 2005 4 = Anthony, 1938; 5 = Shoshani et al., 2006; 6 = Rilling and Insel, 1999; 7 = Fears et al., 2009; 8 = Bauchot and Stephan, 1961; 9 = Saban et al., 1990; 10 = Tarpley and Ridgway, 1994; 11 = Stephan et al., 1991 (Continues) coefficient of reproducibility (Lin, 1989) . High levels of congruency were observed between each observer (i.e., all measurements fell within the accepted range of 0.90 and 0.99 for concordance correlation coefficient of reproducibility), suggesting that the approach of image alignment and resectioning as well as the boundary designations between observers were reliable and covaried in a systematic fashion. Because of the wide range of mammalian brain sizes included in this dataset (i.e., orders of magnitude of approximately 10,000-fold differences), small errors or variation due to methodological differences are expected to have a minimal impact on the observed scaling relationships. Olivares et al., 2000; Rilling & Insel, 1999) , all areas and weights were normalized by logarithmic transformation to correct for dimension of units (Smith, 2005) . To ensure that our results were directly comparable with that in the literature we did not undertake further geometric correction of the data (i.e., cube-root the areas and square-root the masses as performed by Manger et al. [2010] ). Thus our expected allometric relationship when comparing an area (e.g., CC area) against a volume (e.g., brain mass) is 2/3 = 0.67 and all scaling exponent results (shown below) are compared relative to this value.
| Data analysis
To account for the effects of species relatedness in the sample, PGLS analysis was performed using the 'caper' package (Orme et al., 2013) in R version 3.4.1 (www.r-project.org/, RRID:SCR-001905) from data based on the mammalian supertree (Bininda-Edmonds et al., 2007 . The phylogeny used in the current study is shown in Figure 1 . We performed PGLS regression analysis on three sets of data: mammals, carnivores, and canids. Domesticated dogs were excluded from all PGLS regressions. Preliminary tests were conducted on a combined set of wild and domestic canids with domestic canids in an unresolved polytomy as the sister taxon to wolves to incorporate canids. An analysis of covariance (ANCOVA) was used to test for differences in the slope and intercept of OLS regressions between wild and domestic canids and recovered no significant difference between the two groups. The raw data used to derive these relationships are shown in Table 1 and Table 3 .
3 | RESULTS 3.1 | Scaling of whole CC area with brain size across mammals and carnivores
The expected allometric relationship between an area and a volume is 2/3 = 0.67. OLS regression analysis revealed a positive allometric relationship between whole CC area and brain mass in mammals (slope = 0.88, 95% CI = 0.85-0.92, p-value <.001), whereas in carnivores, the slope was lower (slope = 0.66, p-value <.001). However, the 95% confidence interval for the slope in carnivores encompasses isometry (0.526-0.796). Brain mass explained 96% of the variance in CC area across mammals and 85% of the variance in carnivores (see Table 2 and Figure 4 ). Similar patterns of correlation and scaling were observed when accounting for phylogeny using PGLS (see Table 2 ).
Lambda values for both the mammalian and carnivore regression line indicate the presence of a phylogenetic signal in the data (i.e., λ > 0).
After taking phylogeny into account, 89% of the variance in mammalian CC area is explained by variation in brain mass whereas 85% of the variance in carnivore CC area is explained by brain mass. The only mammalian species that appeared to be a clear outlier in our comparisons was the Pyrenean desman (Galemys pyrenaicus), which had a markedly larger CC area than would be predicted for its brain size (Figure 4 ). Speculation as to why this might be the case is beyond the scope of the current study but this observation points to further analysis in this unusual group of mammals.
3.2 | Scaling of whole CC area with brain size in canids (domestic vs. wild)
To test whether the scaling of CC area in domestic dogs aligns with that predicted from wild canids (e.g., wolves, foxes, and coyotes), we derived regression analyses based solely on the subset of wild canids and overlaid the domestic dog data points for visual comparison (See Figure 4) . Subsequent, regression analysis of whole CC area against brain mass for the Canidae revealed a positive allometric relationship (OLS slope = 0.82) with 92% of the variance in CC area attributed to variation in brain mass (both OLS and PGLS). Although the data points for the domestic canids were somewhat scattered around the canid regression line, all the data points lay well within the 95% prediction intervals (see Table 2 and Figure 4 ). All PGLS slopes calculated in the above analyses had confidence intervals that encompass that for the OLS slopes and all the slopes and intercepts were significant. In the carnivore OLS and PGLS models, the slopes are~0.67 in line with predictions for isometry. The confidence intervals for PGLS and OLS slopes in the canid and carnivore models also encompass 0.67, indicating that the two variables are defined by an isometric relationship. A FIGURE 1 Phylogeny used in the implementation of PGLS. The phylogeny was constructed using data based on the mammalian supertree (Bininda-Edmonds et al., 2007 visual inspection of the scatter plot (Figure 4c ) suggests slope differences in the scaling of CC area and brain mass for domestic canids versus wild canids, but more data are required to specifically test this
conclusion. An intraspecific comparison of whole CC area scaling within domestic dogs revealed a positive allometric relationship (OLS slope = 1.13) with 62% of the variation in the total midsagittal area of the CC explained as a result of brain mass (Table 4 and Figure 6h ). 
|
| DISCUSSION
| Scaling of whole CC area with brain size across mammals and carnivores
To facilitate the direct comparison of our results with that in the literature, we did not perform geometric adjustment on the CC area and brain mass data. As a result isometry in our comparisons is expected to be 2/3 (i.e., 0.67) in accordance with that of previous studies (e.g., Janke et al., 1997; Olivares et al., 2000; Rilling & Insel, 1999) but differs from that of Manger et al. (2010) . Here, we discuss our findings relative to these earlier observations. Our findings show that the CC scales with brain size across mammals and within the carnivores, becoming proportionately larger in large brained animals due to positive allometric scaling (i.e., slope of >0.67). Although the OLS regression for the carnivores is slightly below isometry, phylogenetic correction using PGLS adjusts the slope to 0.71, which coincides with the pattern of positive allometry observed for the mammalian line.
This pattern of scaling is in agreement with that reported in previous studies examining both inter and intraspecific variation in CC area in a 
| Scaling of whole CC area with brain size in canids
Our findings show that regression analysis of whole CC area against brain mass for the Canidae is also characterized by a positive allometric relationship with brain size becoming proportionately larger in large brained canids. Although the data points for the domestic dog were somewhat scattered around the canid regression line, they still lie well within the prediction intervals, suggesting that a similar positive allometric relationship may be extended to domestic canids. A FIGURE 2 An outline of the process used for division of the CC in Analyze 10.0. The approach is applied using the ROI tools auto trace, grid divider, and placer modules which help to define the cross-sectional border of the CC followed by division into seven substructures. The approach of subdividing the CC into seven subcomponents is a standard approach in this area of research and is based on that documented by Witelson (1989) . (a) A representative image showing the use of the auto trace tool to define the borders of the CC in the midsaggital sections. Note before defining the borders of the CC, all MR images were first preprocessed by resectioning (ensuring that a horizontal line segment could be drawn directly through the anterior and posterior commissures in the sagittal view) so that the midbody of the CC was adjusted to lay straight horizontally in the sagittal view, (b) A representative image and schematic showing the vertical division of the CC in to 30 equally spaced regions as applied using the grid divider tool in the ROI module, (c) A representative image showing the initial substructure definition used to assign each of the 30 regions to their appropriate components (i.e., splenium, isthmus, caudal midbody, rostral midbody, rostral body, rostrum, and genu). The reassignment of each region in the substructure definition I was performed using the objects tool in the ROI module of Analyze 10.0. The six most caudal sections were assigned to the splenium, four sections rostral to the splenium were assigned to the isthmus, five sections rostral to the isthmus were assigned to the caudal midbody, whereas five section rostral to this landmark were included in the rostral midbody. The remaining sections were assigned to the rostral body, (d) A representative image showing the substructure definition II used to parcellate the object map of the rostral body into the genu and rostrum. Using the placer tool in the ROI module, a placer window was placed over the genu and a new object was defined thus subdividing the area into three regions (i.e., genu, rostrum, and rostral body). Each subcomponent was then renamed using the object define tool, (e) A representative image showing the final completed midsagittal cross-sectional area of the CC and CC region subdivisions in the maned wolf (Chrysocyon brachyurus). Scale bar = 10 mm [Color figure can be viewed at wileyonlinelibrary.com]
visual inspection of the scatter plot (Figure 4c ) suggests slope differences in the scaling of CC area and brain mass for domestic canids versus wild canids. An inspection of the residuals confirmed that the scatter pattern for these two variables is random. One likely explanation for such a difference in scaling could be due to the taxon level effect (Pagel & Harvey, 1989) with the regression line for the Canidae representing an interspecific comparison that would differ from the intraspecific comparison for domestic dogs. Our analysis of whole CC scaling within domestic dogs, revealed a positive allometric relationship (OLS slope = 1.13) with 62% of the variation in the total mid sagittal area explained as a result of brain mass (Table 4 and Figure 6h ).
This pattern of positive allometry aligns with that observed for the wild canidae, albeit at a much steeper slope for the domestic canids.
Olivares, Michalland & Aboitiz (2000) 
| Scaling of CC subcomponents with brain size in canids
The use of a partitioning scheme subdivides the CC into functionally and morphologically distinct subregions, arranged from rostral to caudal (Hofer et al., 2008) and corresponding with the crossing points for fibers originating from particular brain areas (Witelson, 1989) . In accordance with this scheme, comparative studies have revealed that fibers originating from prefrontal, premotor, and supplementary motor cortical areas cross the CC at the level of the rostrum, genu, and rostral body, respectively, whereas fibers originating in the motor cortex cross at the level of the rostral midbody (Olavarria et al., 1988; Hofer & Frahm, 2006; Phillips & Hopkins, 2012) . The caudal midbody serves as the crossing point for fiber bundles heading toward the somatosensory and caudal parietal cortex, whereas fibers passing through the isthmus and splenium that connect the temporoparietal and occipital cortices, respectively (Fabri et al., 2014) . The composition and fiber density of the CC is also known to vary in accordance with the topographical organization of the cortex. The most rostral part of the CC (i.e., rostrum and genu) is known to contain the highest density of thin myelinated axons connecting the prefrontal cortex and higher order sensory areas (Hofner & Frahm, 2006) . Fiber density decreases along the rostro-caudal plane, moving from the genu toward the midbody of the CC before increasing again in the splenium, (i.e., the caudal part of the CC) connecting areas within the visual cortex/occipital lobe (Hofner & Frahm, 2006) .
In our analysis of carnivores, we observed relatively low coefficients of determination for C1 (rostrum) but otherwise relatively high correlation coefficients for C2 (genu), C3 (rostral body), C4
(midbody), C5 (caudal body), C6 (isthmus), and C7 (splenium). Our findings indicate that regions C2-C7 are highly invariant from a scaling perspective and that species differences in the size of these subcomponents are largely a result of the robust scaling with brain size. In contrast, the lower correlation with brain mass observed for the C1 (rostrum) indicates that fibers emerging from rostral cortical areas (e.g., prefrontal cortex) are less constrained by their scaling relationship with brain size and may be more variable in density and composition. While preliminary, this observation suggests that the rostral components of the CC may be a fruitful search space to uncover potential species-specific differences in connectivity or microstructure (i.e., axon composition), which might underlie some of the unique behavioral observations Regression analysis of the cross-sectional area of the CC plotted against brain mass in a range of mammals. Data used to derive these relationships are shown in Table 1 Cross-sectional areas (mm 2 ) for CC regions C1-C7 and associated brain mass (g) for the sample of wild and domestic canids shown in Figure 4a -e. The total area (mm 2 ) was mathematically determined by adding the subcomponents (C1-C7) Regression analysis of the cross-sectional area of CC subcomponents (i.e., Witelson regions) plotted against brain mass in canids.
(a) Cross-sectional area of CC subcomponent (C1 = rostrum) plotted against brain mass in the Canidae. Note, the weak regression statistics with only 21% of the variation in area C1 being explained by brain mass. In contrast areas, C2-C7 are shown to be highly invariant and have high coefficients of determination with brain mass; (b) Cross-sectional area of CC subcomponent (C2 = genu) plotted against brain mass in the Canidae; (c) Cross-sectional area of CC subcomponent (C3 = rostral body) plotted against brain mass in the Canidae; (d) Cross-sectional area of CC subcomponent (C4 = rostral midbody) plotted against brain mass in the Canidae; (e) Cross-sectional area of CC subcomponent (C5 = caudal midbody) plotted against brain mass in the Canidae; (f ) Cross-sectional area of CC subcomponent (C6 = isthmus) plotted against brain mass in the Canidae; (g) Cross-sectional area of CC subcomponent (C7 = splenium) plotted against brain mass in the Canidae. OLS = ordinary least squares regression. Filled circles = wild canids; unfilled circles = domestic dogs attributed to domestic dogs (e.g., Bradshaw, Pullen, & Rooney, 2015; Persson, Roth, Johnsson, Wright, & Jensen, 2015; Rossano et al., 2014) .
In humans, several studies have shown that variation in behavioral and cognitive domains are directly related to variation in the underlying white matter. For example, differences in the underlying white matter have been associated with variation in reaction time (Walhovd & Fjell, 2007) , attentional states (Niogi, 2010) , reading performance (Schmithorst, Wilke, Dardzinski, & Holland, 2005) as well as early learning (Als et al., 2004; Mabbott, Noseworthy, Bouffet, Laughlin, & Rockel, 2006) , and senescence (Salthouse, 2009; Zhao et al., 2015) . In support of this, observations of white matter scaling across mammals have shown that the proportion of neural tissue dedicated to white matter also varies according to brain size, a point highlighted by the fact that white matter makes up only 12% of cortical volume in a mouse but more than 50% of cortical volume in the human (Zhang & Sejnowski, 2000) . The fact that white matter makes up a disproportionately larger part of large brains has led to the suggestion that the enlargement of white matter volume in humans (especially in the prefrontal cortex) likely accounts for our unique cognitive attributes as a species (Schmithorst et al., 2005; Smaers, Schleicher, Zilles, & Vinicius, 2010) .
These results illustrate the potential interplay of constraints and adaptation in patterning CC morphology, with the majority of variation in CC size being attributed to brain size, whereas the rostrum appears to display increased nonallometric variation under the influence of natural or artificial selection. The rigid scaling attributes of the caudal components of the CC emphasize the strong constraints (developmental, energetic, or architectural) governing the expansion of white matter, an observation in favor of the contingencies placed on organismal structure (e.g. Charvet, Darlington, & Finlay, 2013; Cheung & Darlington, 2005; Gould & Lewontin, 1979; Finlay & Darlington, 1995; Finlay, Darlington & Nicastro, 2001; Manger, Spocter, & Patzke, 2013) . White matter volume and brain metabolic rate have been shown to scale predictably with brain and body size (Harrison, Hof, & Wang, 2002; Hofman, 1988; West, Brown, & Enquist, 1997) , suggesting that variation in these components is governed in relation to each other due to the energetic costs of maintaining the brain's long-range wiring. Among the several constraints to consider when looking at changes in the amount of underlying white matter are limitations on space, time, and metabolic requirements, all of which uniquely challenge the evolution of mammalian brains, especially large brained mammals (Neves, 2017) .
In large brains, action potentials must travel longer distances to their targets, thus imposing a limitation on the speed of interhemispheric transfer (Ringo, Doty, Demeter, & Simard, 1994) . Several studies have looked at associated changes on axonal functioning (e.g., Hoffmeister, Jänig, & Lisney, 1991; Hursh, 1939; Wang et al., 2008) and have collectively demonstrated that local adaptations (through the relaxing of scaling restrictions for certain white matter components) have played an important role in adjusting processing speed and function. Examples of this uncoupling of scaling relationships with brain size and associated behavioral specializations have been argued to be the result of adaptations (e.g., Barton & Harvey, 2000; Iwaniuk, Dean, & Nelson, 2004) . It is likely that a similar process resulting in the uncoupling of scaling attributes for particular white matter components allowed for the increased variation observed in the rostrum of the canid CC. Here, we postulate that the observation of increased variation in the canid rostrum is an example of such local adaptations in the fiber pathway, likely related to changes in projection fibers heading toward the caudate nucleus and prefrontal cortex.
In both dogs and humans, the caudate nucleus has been shown to play an integral role in behaviors involving social reward and reward-based behavioral learning (e.g., Cook, Brooks, Spivak, & Berns, 2015; Cook, Prichard, Spivak, & Berns, 2016; Haruno et al., 2004; Wake & Izuma, 2017) Although follow-up analysis using histological tracing and diffusion tractography (across a variety of canid species) is necessary to conclusively show a species level difference in the fiber pathways passing through the rostral CC, our results taken in the context of prevailing literature strongly support this hypothesis.
| Interpretational considerations and limitations of subcomponent comparisons
The C1 segment is considerably smaller than that of the other subcomponents, occupying on average only about 1.5% of the total midsagittal CC area (Table 5 ). This raises the possibility that the diminutive size of the C1 subcomponent might make it prone to measurement error, resulting in lower coefficients of determination.
To test this possibility, we reran a series of OLS regressions on the combined C1 + C2 segment (i.e., rostrum and genu), to see if the low correlation coefficients persisted. C2 contributes around 20% of the total midsagittal CC area while C1 only contributes 6% of the total C1 + C2 area, thus occupying a relatively small area of the overall C1 + C2 segment. We anticipated that if size was a contributing factor, the correlation coefficients would increase dramatically for this C1 + C2 segment, driven by the larger sized segment. However, correlation coefficients for the C1 + C2 segment in domestic dogs remained low (r 2 = .064) and in line with that observed for the C1 segment alone (Table 6) . Similarly, in the wild canid sample, the correlation coefficients for the C1 + C2 segment remained at around 0.20, indicating that the strength of the correlation coefficients were not driven by the size difference in the C1 segment. Furthermore, the delineation of the combined C1 + C2 segment in substructure definition II (see Figure 2 ) is more straightforward and reduces the effect of any measurement area on the much larger segment. A further limitation of the current study is the sample size for the domestic and wild canids, raising the question of whether we have adequately captured the species-specific variation for these regions. While this remains a general challenge
Representative images of the CC cross-sectional area in a sample of domestic dogs. Note all images were increased to the same size so that shape differences could be looked at visually. Although some shape differences were observed a larger sample size is required to determine if any of these are indicative of breed specific morphology. Note the English bull dog shown in "l" was not included in the study sample but is shown here to highlight marked hydrocephaly and expanded lateral ventricle, which distorts the CC morphology. Special care was taken to omit any animals from the study that had obvious neurological signs disturbing the underlying anatomy of the brain and ventricles. for the field of comparative neuroanatomy, we believe our results align well with that of previous studies and serve as a good baseline comparison of the CC in wild and domestic canids.
In conclusion, the present study provides an important first step toward comparing the morphology of the CC in carnivores and evaluating the potential impact of domestication on brain structure and connectivity. Further comparative studies that examine white matter fiber pathways using other imaging techniques such as diffusion tensor imaging and electron microscopy are required to narrow down species differences in connectivity and how this might relate to differences in function.
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